The relationship between endocrine imbalance and vaginal epithelial features in rats was examined in aging Donryu and F344 rats, pregnant and lactated Donryu rats, and antipsychotic agent-treated Wistar rats. In addition, the influence of sex steroid hormones and prolactin secretion due to haloperidol administration and pituitary implantation was also investigated in ovariectomized Donryu females. Vaginal cornification and mucification were found to be linked with relatively high 17β-estradiol (E 2 ) levels and the relatively high progesterone (P) value under higher E 2 concentration, respectively. Under ovariectomized conditions, the degree and incidence of vaginal mucification were emphasized by P and E 2 , being dose-dependency of E 2 . Mucification of the vaginal epithelium by antipsychotic agents might be induced by high P value through the effect of corpus stimulation by prolactin. These results indicated that the vaginal epithelium of rats is very sensitive to hormonal imbalance, and its morphological features are very useful for the assessment of individual hormone milieu. (J Toxicol Pathol 2002; 15: 103-109) 
Introduction
The vaginal mucosa is composed of a stratified squamous epithelium. It is well-known that morphological findings of the vaginal epithelium in normal cycling rats depend on the estrous stage. For example, at estrus, cornified cells cover the outer surface of the epithelium. On the other hand, the epithelium is lined by mucified cells, stored large amounts of mucin in their cytoplasm, at proestrus 1 , 2 . The most important factors for such morphological change of the epithelium are sex steroid hormones such as 17β-estradiol (E 2 ) and progesterone (P). It is reported that these hormones affect the vaginal epithelium by single or cooperating effects 3 . While the uterine epithelium also shows morphological alteration depending on the estrous cycle, the vaginal epithelium may be considered more sensitive to hormone effects, because it consists of a few cell layers, in contrast to the single cell layer of the uterine epithelium.
Recently, it has been pointed out that a number of manmade chemicals having weak estrogenic effects (endocrine disrupting chemicals) may perturb the endocrine systems of wildlife and human beings. Thus, it is very important to establish reliable endpoints for the assessment of individual hormonal milieu in animals. It is recognized that endocrine imbalance due to aging or treatment with hormonal or antipsychotic agents may alter the vaginal morphology in rats [4] [5] [6] . Thus an understanding of such histological changes is very useful. However, there has hitherto been no detailed report concerning the relationship between endocrine imbalance and alteration of the vaginal epithelium. In the present study, in order to clarify the links between the hormonal status and morphology, rat vaginal epithelium was examined under various conditions.
Materials and Methods

Animals
Male and female Donryu rats were purchased from Nippon Rat Co., Ltd., (Urawa) and Charles River Japan Inc., (Hino). Female Fischer-344 (F344)/DuCrj (Charles River Japan Inc., Atsugi), and Jcl: Wistar rats (CLEA Japan, Inc., Tokyo), used as controls for carcinogenicity and repeated toxicity studies, were also examined for comparative assessment. Rats of these strains were housed 2-3 animals to an aluminum cage, in an air-conditioned barrier system animal room at 24 ± 2°C with a relative humidity of 55 ± 5%. They were maintained on basal diet, CRF-1 (Oriental Yeast Co. Ltd., Tokyo) or CE-2 (CLEA Japan, Inc., Tokyo) throughout the experiments. There was no non-nutrient substance likely to influence hormonal balance in the diets.
Experimental protocols
Experiment I (using non-ovariectomized rats)
1) Aged rats
A total of 141 Donryu and 145 F344 aging females used as control group animals for long-term carcinogenicity studies 4, 7 was selected for histopathological examination. The former animals were examined at 13-28 months of age, and the latter at 13-26 months. In addition, 13 Donryu rats and 9 F344 rats were employed for estimation of steroid parameters at 17-21 and 18-26 months, respectively.
2) Pregnant and lactating rats
Two ten-week-old virgin female Donryu rats showing proestrus were mated with single normal male overnight. Pregnancy was determined on the basis of vaginal plugs on the following morning, and the day on which they were found was considered as gestation day 0. Total 55 pregnant rats were housed in plastic cages individually and 6-9 rats were killed every 7 days from gestation day 0 to the end of the lactation period. All animals underwent histological examination and steroid estimations.
3) Antipsychotic agent-treated rats
Twelve-week-old and 32-week-old (Jcl:Wistar) female rats dosed with antipsychotic agents I or II (Dopamine 2 (D 2 ) receptor antagonists (D 2 an I or II)) were examined. These rats were used in 5 or 26 week repeated toxicity studies. The dosage levels of D 2 an I in the 5 week study were 0, 0.16, 0.63, 2.5, 10, and 40 mg/kg/day, with 10 and 40 mg/kg/day of haloperidol (HPD) employed as a reference control 8 . Those for D 2 an II in the 26 week study were 0, 3, 10, 30, and 100 mg/kg/day. The number of rats examined per group was 9-11, and all animals underwent histological examination.
Experiment II (using ovariectomized rats)
Ovariectomy was performed at 10 weeks of age by the dorsal route under light ether anesthesia and the success of the operation was confirmed by the finding of vaginal smears demonstrating a diestrus-like appearance for at least 4 days.
1) Influence of sex steroids
T h i r t e e n -we e k-o l d ov a r i e c t o m i z e d a nd n onovariectomized rats were used. Five to eight female Donryu rats per group were treated with E 2 and/or P every day for two weeks. Dosage levels for E 2 were 10 and 100 µg/rat/day and that for P was 4 mg/rat/day. All animals underwent histopathological examination and steroid estimations.
2) Influence of HPD and pituitary transplantation
T h i r t e e n -we e k-o l d ov a r i e c t o m i z e d a nd n onovariectomized Donryu rats were used. Five to 9 rats per group were treated with HPD at 4 and 40 mg/kg/day for two weeks, or underwent transplantation of pituitary tissue under the renal capsule. All animals underwent steroid estimation, in addition to histopathogical examination of the vaginal epithelium.
Examination of serum steroid levels
Before autopsy, the animals were anesthetized with ether and blood was collected from the abdominal aorta in a few minutes, centrifuged at 1,700 g for 10 min and stored at -80°C until assayed. Serum E 2 and P values were estimated with Estradiol coatria (bioMerieux) (experiment I), a double antibody estradiol kit (Diagnostic Product Corporation, Los Angeles, California) (experiment II) and DPC progesterone kits (Diagnostic Product Corporation), respectively. The prolactin values were measured with a rat prolactin (rPRL) [125I] assay system (Amersham, Buckinghamshire, England).
Organ weights and histological examination
The vagina and all other reproductive and related organs and/or tissues were removed and fixed in buffered 10% formalin. Organ weights of the uterus, ovaries, adrenals, and pituitary were also determined after fixation. Tissue sections were routinely prepared and stained with hematoxylin and eosin for microscopic examination. Vaginal morphological features were roughly classified into two categories; cornification and mucification, subdivided into 3 and 4 degrees. Very slight (±), slight (+) or moderate (++) cornification was used when the vaginal epithelium showed a small, a moderate or a relatively large amount of cornified epithelial cells, respectively. Very slight (±), slight (+), moderate (++) or severe (+++) musification was used when the vaginal epithelium had one layer, two, three, or four and more layers of mucified epithelial cells, respectively.
Statistical analysis
No statistical analysis was performed. 
Results
Experiment I:
Histological changes in the vaginal epithelium and plasma sex hormone values in aged rats.
Aging female Donryu rats showed a relatively high E 2 / P ratio, and a high incidence of cornification of the vaginal epithelium. In contrast, female F344 rats demonstrated lower E 2 /P values and high incidence of mucification of the vaginal epithelium (Table 1 ). The uterine epithelium in Donryu rats was composed of tall columnar cells and epithelial cells appeared to be proliferating in many cases, while in F344 rats they were more cuboidal with only rare proliferative figures.
Histological alteration of the vaginal epithelium and changes of serum hormone levels in Donryu rats during gestation and lactation periods.
The incidence and degree of vaginal mucification increased with the gestation day, consistent with increased P values, and mucification occurred again on days 14 and 21 during the lactation period, whereas the incidence on day 7 was the same as that on day 0, despite high P values ( Table  2 , Fig. 1 ). The uterine endometrium showed a decidual reaction in the gestation period and appeared to be atrophic during the lactation period.
Histological changes of the vaginal epithelium in Wistar rats treated with antipsychotic agents.
On administration of antipsychotic D 2 antagonist (D 2 an I or II), for 5 weeks, the incidence of vaginal mucification increased to more than 60%, except in the lowest dosage group receiving D 2 an I for 5 weeks. In rats given HPD, vaginal mucification was also prominent (Table 3) . On the other hand, uterine epithelium generally demonstrated atrophy.
Experiment II: Histological changes of the vaginal epithelium and serum hormonal changes in ovariectomized Donryu rats treated with E 2 and/or P.
Vaginal cornification (Fig. 2) was induced in all cases of ovariectomized rats treated with E 2 , while serum E 2 and E 2 /P levels increased dose-dependently in both ovariectomized and non-ovariectomized animals. Vaginal mucification (Fig.  3 ) was found at a lower incidence in ovariectomized than in non-ovariectomized rats treated with P. However, the incidence and degree (Fig. 4) were increased by combined P and E 2 treatment, with E 2 -dose dependence (Table 4 , Fig. 5 ). The uterine epithelium was tall columnar and proliferative in both ovariectomized and non-ovariectomized cases.
Histological changes of the vaginal epithelium and serum hormonal change in ovariectomized Donryu rats treated with haloperidol or pituitary transplantation.
In order to clarify the influence of prolactin on the vaginal e pithelium, HPD treatment and pituitary transplantation were performed for ovariectomized Donryu rats. PL levels were obviously increased by the HPD treatment. However, no vaginal mucification was apparent in ovariectomized rats, although it was observed in nonovarectomized ones of both HPD and pituitary-treatment groups (Table 5, Fig. 6 ). The uterine epithelium was generally atrophic, except in pituitary transplanted nonovariectomized animals.
Discussion
In rats, it is well established that genital morphology is linked with the endocrine milieu [4] [5] [6] . The present results provide good evidence that morphological change accurately reflects hormonal imbalance, so that it can be used as a parameter for assessment purposes. Since the vaginal epithelium consists of multiple cell layers and the cell cycle is rapid, induction of appreciable changes may occur earlier or at greater sensitivity than with the uterine endometrium.
Generally, it has been reported that estrogen plays an important role in promotion of mitosis, proliferation, differentiation, and exfoliation of the vaginal epithelium, while progesterone promotes mucification of the epithelium ovariectomized Donryu rat treated with 17β-estradiol at 100 µg/rat/day. H&E staining. ×75. No. of rats 10  9  10  10  10  10  10  10  15  15  16  16  13  Mucification (%)  -100  78  40  30  30  0  20  30  100  33  25  6  15  ±  0  0  30  20  30  30  30  0  0  27  50  44  39  +  0  0  0  10  40  40  40  40  0  20  19  38  15  ++  0  11  20  40  0  20  10  20  0  20  6  6 , progesterone (P) and prolactin (PL) levels in ovariectomzied Donryu rats treated w i t h e s t r o g e n ( E 2 ) a n d / o r progesterone (P). The numbers above each column present the E 2 / P(10 -3 ) values. OVX: ovariectomy, NO: non-ovariectomy, Dose of E 2 or P: µg or mg/rat. by inhibiting maturation 1, 9, 10 . Mucin production in the vagina at proestrus is considered to be the result of synergic effects of high E and P values 3 . From the present findings, aging female Donryu rats and ovariectomized rats administered E 2 , both showing relatively high E 2 (high E 2 /P) values, demonstrate a high incidence of cornification of the vaginal epithelium. In contrast, mucification of the vaginal epithlium was observed in aging F344 females and pregnant Donryu rats, showing relatively high P values (low E 2 /P) under higher E 2 concentration, and also ovariectomized and non-ovariectomized Donryu rats administered P, pointing to a low E 2 /P ratio as an important factor for this change, in line with our previous report 4 . However, in ovariectomized rats, the fact that the degree of mucification in rats administered P was intensified by combination with E 2 indicates that a hormonal environment like proestrus is a determining factor. One question is why vaginal epithelium did not show mucification in spite of a high P value on day 7 during lactation. Probably, defoliation of mucinous vaginal epithelium at parturition exerts an influence, although the precise reason is not clear. Although the uterine epithelium also changed with the hormonal environment, the epithelium composed of one cell layer was restricted to the change of cell size or cell height except in the proliferative change.
It is reported that PL levels in rats are elevated when antipsychotic agents are administered, and genital atrophy is induced by depression of the central nervous system, the vaginal epithelium showing an atrophic diestrus state although mucification is observed in some cases 8 . In the present study also, vaginal mucification was observed at high incidence in non-ovariectomized rats administered D 2 antagonists. However, it did not occur in ovariectomized rats administered haloperidol, in spite of a high PL value. In addition, the same phenomenon was evident in the pituitary transplantation group. These findings suggest that the ovary is necessary for vaginal mucification and promotion of Psecretion based on the effect of corpus luteum stimulation by PL.
In conclusion, the present study provided strong evidence that the vaginal epithelium of rats is very sensitive to h ormo nal im balance, com par ed to the u terine endometrium, and that histological examination is very useful for assessing the individual hormonal milieu.
